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Abstract

We propose an experiment to search for an I = 3 dibaryon resonance Dsg using the pp —
7T_7T_'D§r0+++ — - (77t pp) reaction at the several incident proton momenta around 3-4
GeV/c (Dibaryon states are denoted by Dyj, where I and J stand for the isospin and spin).
The d*(2380) resonance observed at the WASA-at-COSY collaboration can be attributed to the
spatially-compact six-quark hadron state and/or isoscalar (I = 0) AA quasi-bound state Dy3, which
is predicted as a member of sextet dibaryons by Dyson and Xuong six decades ago. If the d*(2380)
resonance with I(J™) = 0(3%) is Dy3, a resonance corresponding to Dy with I(J™) = 3(07)
must be observable in the I = 3 AA invariant-mass distribution. The p(p,7~77)X reaction
provides X with charge ) = +4 and baryon number B = 2, giving an I = 3 state and leaving
7T pp in the final state. The WASA-at-COSY collaboration tried to search for D3g by using
this reaction, but they cannot separate the produced D:,:B+++ events from the background phase-
space contribution because of a lack of statistics coming from the very small acceptance owing
to the low particle-identification power. In this proposal, we measure the cross sections for the
pp — o m w7 pp reaction to search for D3y at several incident proton momenta around 3-4
GeV/c with huge statistics and large acceptance for detecting all the final-state particles using
the general-purpose E50 detector system. When the existence of Djg is confirmed, all the sextet

(ground-state) dibaryons are established. The measured mass and width also provide information

on the AA interaction.
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EXECUTIVE SUMMARY

reaction: pp — T m T T T pp
beamline: high-intensity high-momentum secondary beamline
beam: protons with an average intensity of 1 MHz

(2-s spill, 5.2-s cycle; unseparated positively-charged particles)
target: liquid hydrogen with a thickness of 570 mm
detector: the E50 spectrometer
beamtime: 3 days for 2.85 GeV/c

3 days for 3.35 GeV/c

3 days for 3.60 GeV/c

3 days for 3.80 GeV/c

3 days for 4.00 GeV/c

We measure the cross sections for the pp — 7~ 7~ 77 pp reaction to search for Dj; "
dibaryon resonance at several incident proton momenta around 3-4 GeV /c with huge statis-
tics and large acceptance for detecting all the final-state particles. It is important to measure
cross sections at several incident momenta for studying the background contributions, and
confirming a possible D5;" " contribution when we observe some resonance-like behavior in
the p(p, 7~ 7~) missing mass or 77" pp invariant-mass distributions. We assume the thick-
ness of the liquid hydrogen target is 570 mm. If it is shorter than we plan, an additional
beam time is required. The high-intensity high-momentum secondary beamline is expected
to be constructed step by step. Since the required beam intensity of protons is only 1 MHz,
corresponding to the 0.5-kW loss (1/30 of the final goal) of the primary beam at the produc-
tion target, the proposed experiment can be performed before the E50 experiment becomes

ready.



I. INTRODUCTION

The internal structure of a color-neutral object, hadron, is a subject in the non-
perturbative domain of quantum chromodynamics (QCD). The familiar mesons and baryons
are composed of q¢ and gqq, respectively. More complex quark configurations beyond them
are objects of great interest to investigate the effective degrees of freedom describing hadrons
and to understand color confinement. Among them, a dibaryon has become an interesting
object since the quark picture of a nucleon was established [I]. A phase change of the
basic configuration of dibaryon states is expected from a molecule-like state consisting of
two baryons (such as the deuteron) to a hexaquark hadron state, which could appear as a
spatially-compact exotic particle. Understanding dibaryons would not only give a clue to
the solution of the current problem in hadron physics, but also provide an insight into the
nuclear equation of state and the interior of a neutron star [2].

Dyson and Xuong predicted the sextet of non-strange dibaryons D;; with isospin I and
spin J: Do1, Dig, Dia, D21, Doz, and Dsq [3]. Table [ summarizes the sextet dibaryons
predicted by Dyson and Xuong. They provided these masses in a simple form:

M=A+{II+1)—-J(J+1)—-2}B
with A = 1878 MeV and B = 47 MeV

(1)

using the those of the three experimentally observed states: the deuteron Dy;, the 1So-N N
virtual state Djp, and a resonance-like structure corresponding to D;, which appears at

M = 2.16 GeV in the 7*d — pp reaction [4].

TABLE I. Sextet dibaryons predicted by Dyson and Xuong. The composition of each dibaryon
state is described in terms of the nucleon N and delta baryon A. The mass of dibaryon M
is expressed by M = A+ {I(I +1) — J(J + 1) — 2} B with two parameters: A = 1878 MeV
and B =47 MeV.

dibaryon DOl DlO Dlg Dgl Dog Dgo
component NN NN AN AN AA AA
mass form A A A+6B A+6B A+10B A+10B

mass value 1.88 GeV 1.88 GeV 2.16 GeV 2.16 GeV 2.35 GeV 2.35 GeV




The first non-N N-composed dibaryon Dj, is a candidate of a AN quasi-bound state,
which is given as the 3P, multipole strength at M = 2.18 GeV in 7¥d elastic scattering
by a partial-wave analysis [5]. The corresponding ! Dy-pp amplitude also shows the same
structure in the 7*d — pp reaction [6]. Fig. [l shows the Argand plot of the dominant
7d partial waves for 7%d elastic scattering, and that of the dominant pp partial waves for
the 7+d — pp reaction. The ®Ps-wd and ' D,-pp partial waves are clearly observed as the
strongest amplitude. The SAID group provides the pole of Dy, [7] from a combined analysis
of m*d elastic scattering, the 7+td — pp reaction, and pp elastic scattering. Apparently, the
peak is observed at a center of mass (CM) energy corresponding to the sum of the A and N
masses. However, the dibaryonic interpretations of the experimental data for D;, have been
questionable since quasi-free A production cannot be kinematically separated. The recent
observation of a sequential decay of an isoscalar dibaryon into D15 confirms the dibaryonic

interpretation of Dy [§], which will be discussed later.
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FIG. 1. Argand plot of the dominant 7d partial waves for 7*d elastic scattering (left), and
that of the dominant pp partial waves for the 77d — pp reaction (right). The wd partial
waves of 2Py, 3Ds, and 3Fy correspond to !Do-, 3F3-, and 'G-pp states, respectively. The
data points are plotted with a 50-MeV step, and all the amplitudes are multiplied by 103. The
3 Py-md state and 'Dy-pp state would be attributed to Dia. The data are taken from Ref. 5]

in the left panel, and from Ref. [6] in the right panel.

The next observed non-N N-composed dibaryon is an isoscalar AA quasi-bound state
Dos. Kamae et al. obtained the first indication in 1977 [9] [10]. They found the resonance-
like behavior in the polarization of emitted protons at the CM energy of 2.35 GeV in the

deuteron photo-disintegration, and discussed the possibility of the existence of Dyz. The



A2 collaboration at Mainz MAMI has studied this behavior in the ¥ beam asymmetry for
the same reaction in detail recently, and confirmed the multipole strength corresponding to
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FIG. 2. Proton polarization (upper) and differential cross section (lower) at 90° in the CM
frame as a function of the incident photon energy. A resonance-like structure is observed in
the proton polarization although neither bump nor peak is formed in the differential cross

section at the corresponding photon energy. The data are taken from Ref. [9].

The CELSIUS/WASA collaboration obtained a clear evidence of the isoscalar resonance
called d*(2380) in the pn — 7°7%d reaction [12]. Successively, the WASA-at-COSY collab-
oration confirmed its existence in the same reaction, and gave the mass M ~ 2.37 GeV
and width I' ~ 0.07 GeV [13]. Fig. Bl shows the total cross section as a function of the
pn-CM energy and md invariant-mass distribution for the pn — 7%7%d reaction measured
by the WASA-at-COSY collaboration. The d*(2380) resonance may be attributed to Dys.

Its existence seems to solve a long standing puzzle called the ABC effect that a higher->He-
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momentum enhancement (corresponding to the lower two-pion invariant-mass close to the
sum of two pion masses) is observed for the pd — (77),_, *He reaction [14} [15] and similar
observations. Additionally, the possibility is discussed that d*(2380) production explains
a dilepton spectroscopy puzzle [16]. The ete™ invariant mass observed in the heavy-ion
collision shows an enhancement below the p° and w masses [I7]. One of the interpreta-
tions to this enhancement is the medium modification of vector mesons, but the decay of
d*(2380) — AA — p° NN can also explain the enhancement since the p® mass is lower than

its central value in this decay.
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FIG. 3. Total cross section as a function of the CM energy for the pn — 7%7%d reaction
measured by the WASA-at-COSY collaboration (left). The triangle (red), circles (black), and
squares (blue) correspond to the data obtained at incident proton energies of 1.0, 1.2, and
1.4 GeV, respectively. The hatched area indicates systematic uncertainties. The solid curve
represents the contribution from an s-channel resonance with a mass of 2.37 GeV and width
of 68 MeV. 7°d invariant-mass distribution (differential cross section as a function of square of
the 7Vd invariant mass) at the CM energy of 2.38 GeV (right). The hatched and shaded areas
represent systematic uncertainty and phase-space distribution, respectively. The d*(2380)
resonance seems predominantly decay into an isovector resonance with a mass of 2.15 GeV by

emitting 7°. The data are taken from Ref. [L3].

The WASA-at-COSY collaboration confirmed the existence of d*(2380) not only in the
pn — 7°7%d reaction [I3] but also in the pn — 77~ d reaction [I8], and gave the mass
M ~ 2.37 GeV and width I' >~ 0.07 GeV. In addition to the 7%7°d and 77 ~d final states,
d*(2380) has been observed in the 797~ pp [19], 7%7%n [20], and 77 pn [21] final states.
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The SAID partial-wave analysis, which incorporates the analyzing power for quasi-elastic
n-+p — n+p scattering, provides the quantum numbers I(J™) = 0(3%) [22, 23] for d*(2380).
All the observations except for the first evidence have beem made by the WASA-at-COSY
collaborations. Fig. dl shows the d*(2380) resonance observed by the WASA-at-COSY col-

laboration in the various final states. These experimental results have stimulated intensive
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FIG. 4. d*(2380) signals observed by the WASA-at-COSY collaboration in the various final
states. The total cross sections are presented as a function of the CM energy for the pn —
7t 7~d reaction [I8] (upper left), pn. — 77 pp [19] (lower left), pn — 7°7%pn [20] (lower
middle), and pn — 77 pn [21] (lower right) reactions. The analyzing power is plotted for
the quasi-elastic @ + p — n + p scattering at 83° in the CM frame [22 23] (upper right).
The total cross section for pn — 777 ~d is well-reproduced by a sum of that for the isoscalar
pn — 1070d channel and a half of that for the isovector pp — 71t 7%d channel in the upper-left
panel. Each NN7m channel show a shoulder corresponding to d*(2380) represented by the

dashed curve (red) in the lower three panels. The analyzing power shows a sudden change at

2.38 GeV in the upper-right panel, suggesting its quantum numbers are I(J™) = 0(3™).



theoretical investigations of Dog [24], 25]. The d*(2380) is claimed as a mixed state between
33% of a two-baryon molecule-like state and 66% of a hexaquark state [20, 27]. Although
the structure of d*(2380) is not established yet, the decay Dy3 — mD12 seems dominant [28].

The s-channel photoproduction of d*(2380) has also been investigated as a first step
to know the size of d*(2380). Both the vd — w7~ d reaction at JLAB/CLAS [29] and
vd — 7°7%d reaction at ELPH/FOREST [8] 30] do not give a clear evidence for d*(2380)
production. However, the experimentally obtained cross sections suggest the sequential
~vd — Doy — ©D19 — 7wrd reaction with an isoscalar dibaryon Dy ; and an isovector dibaryon
D5. Fig. Bl shows the total cross section as a function of the vd-CM energy (the excitation
function) for the vd — m7°d reaction at incident energies from 0.57 to 1.15 GeV. In addi-
tion to a slight enhancement corresponding to d*(2380), two new isoscalar-dibaryon states

are claimed at 2.47 and 2.63 GeV. Neither quasi-free 7%7% nor 7° photoproduction with
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FIG. 5. Total cross section as a function of the vd-CM energy for the vd — 7°7%d reaction
at incident energies from 0.57 to 1.15 GeV. The dashed and dotted-dashed curves represent
the calculations by Fix and Ahrenhével [31] and by Egorov and Fix [32], respectively, based
on quasi-free 7070 photoproduction with a deuteron coalescence. Although these theoretical
calculations well reproduces the total cross sections, they cannot reproduce the angular dis-
tribution of deuteron emission at all. The sequential vd — Dy; — 7Dy — 7°7%d reaction
are suggested from the data with an isoscalar dibaryon Dy; and an isovector dibaryon Djs.

The data are taken from Ref. [§].
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a deuteron coalescence can reproduce the angular distribution of deuteron emission at all.
Therefore, the intermediate state must be an isovector dibaryon D;s, which is the same as
the 3P,-md and ' D,-pp partial waves observed in 7¥d elastic scattering and the 7td — pp
reaction. The new two states observed in the excitation function at 2.47 and 2.63 GeV might
be excited states of the sextet dibaryon members.

In addition to the observation of a Doz candidate d*(2380), an enhancement corresponding
to an isotensor AN dibaryon Ds; is observed in the quasi-free pp — 7~ 7+ pp reaction [33].

Fig.[Blshows the 7+ p, 7 pp, 7~ p, and 7~ pp invariant-mass distributions for the pp — 7~ 7 pp
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FIG. 6. 7tp (upper left), 7" pp (upper right), 7~ p (lower left), and 7 pp (lower right)
invariant-mass distributions for the pp — 77 pp reaction at incident energies from 0.9 to
1.3 GeV. The shaded area represent pure phase-space distributions, the dashed curves show
the theoretical calculation without any D;1++ contribution, and the solid curves represent
the calculation including the pp — W‘DETH — w7 pp process. The data are taken from

Ref. [33].
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reaction at incident energies from 0.9 to 1.3 GeV. The deviations from the pure phase-space
distributions suggest the existence of Do .

To understand the internal structure of dibaryons, it is important to establish the exci-
tation spectrum and provide their sizes. In this proposal, we focus on the former item, and
we will prepare another proposal of an experiment for the latter one. Many experimental
investigations of the sextet members for non-strange dibaryons have been made. Although
candidates for almost all the members seem to be found, those for the D3y member are still
missing. If the d*(2380) resonance with I(J™) = 0(3") is Dys, a resonance corresponding
to D3p with a I(J™) = 3(0%) (a mirrored-quantum-number state) must be observable in
the (AA),_, invariant-mass distribution. Table [Il summarizes the theoretically predicted
masses for the Dy3 and Dsy dibaryons. In addition, the Dsq is closely related to the Q2~Q~
system in the 'Sy channel [39], which is predicted as the most strange dibaryon by the HAL
QCD collaboration [40]. This 2~Q~ dibaryon systems is a loosely-bound state with a bind-
ing energy of 1.6 MeV, of which all the u (d) quarks are replaced with s quarks in Dj;"*"
(D35 )- In this regard, the 155-Q~Q~ dibaryon is considered to belong to the same multiplet

as Dgo .

TABLE II. Predicted masses for the Dyp3 and D3g dibaryons. DX, MAS, OY, MT, and GG
denote the values obtained by Dyson and Xuong [3], by Mulders, Aerts, and de Swart [35], by

Oka and Yazaki [36], by Mulders and Thomas [37], and by Gal and Garcilazo [38], respectively.

dibaryon DX MAS oy MT GG  experiment

Doz 2.35 GeV 2.361 GeV 2.45 GeV 2.38 GeV 2.38 GeV 2.37 GeV
D3y 2.35 GeV 2.833 GeV unbound 2.69 GeV 2.40 GeV —

The D5y dibaryon is isospin-decoupled from the NN system. To reach such a state by
NN collisions, additional particle generation is required. A candidate reaction to search
for Dsg is pp — 7 1 D™ — 7777 (ATTATT) — 777~ (7tp) (vTp). The WASA-at-
COSY collaboration has investigated this reaction to search for Dj;"*", and reported no
clear evidence [34]. This is because a large amount of the background contribution together
with a lack of statistics, coming from the very small acceptance owing to the low particle-

identification power, disturbs them to extract the Dsp-produced events.
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We first consider the same reaction to confirm the existence of D3y as the WASA-at-
COSY collaboration adopted. They use the incident proton energy of 2.063 and 2.541 GeV,
corresponding to the momentum of 2.85, and 3.35 GeV /¢, respectively. They cannot sepa-
rate the produced D3, " events from the background six-body (7~ 7~ 77 pp) phase-space
contribution owing to a lack of statistics. The main purpose of the experiment by the
WASA-at-COSY collaboration described in Ref. [34] was w and 1’ production, and the data
acquired are not suitable for investigating D3,""*. At first, the trigger of the data acquisi-
tion (DAQ) system required that more than one charged particles were detected in each of
the forward and central detectors in WASA. Additionally, a missing-mass trigger was active
during the measurements at 7, = 2.541 GeV. Since the forward detector was insensitive
to the sign of the charge, the events were used that the two protons were detected in the
forward detector, and that the four pions were detected in the central detector. Further-
more, particle-identification power is not so high. These conditions made the statistics and
acceptance too low. The acceptance of detecting 7~ 7~ 77 pp was only 0.1% and 0.5% at
T, = 2.063 and 2.541 GeV, respectively.

The E50 spectrometer we plan to use has much higher tracking efficiency, particle-
identification efficiency, and geometrical acceptance for detecting all the final-state particles
in the pp — 7~ 7 7t pp reaction. We use several incident momenta around 3-4 GeV/c
and acquire the data with huge statistics so that the background contributions can be stud-
ied in detail and the possible Ds, state can be separated from them. After the existence of
Di,F* is confirmed, we can extend the measurement of cross sections using different reac-
tions: 77d = 7 Dt = 7 (nTprtp) and 77d — 7tr Dy — wtAT (7w n).
By using these m-induced reactions, the two isospin-stretched Dj, states can be observed

among the seven different charge states (Dsy , D3, DS, - -+ Dag’ ).

II. KINEMATICS

Since we do not know the internal structure of Dsy, no reliable dominant production mech-
anism is currently available. However, a loosely-coupled two N (1440) Pj;-nucleon-resonance
(the Roper resonance) molecular state may play a role as a doorway to the Dsy dibaryon.
Fig. [1 shows the possible diagram for D3y production from the pp collision. Two Roper res-

onances appear in the intermediate state, each of them emits the negative pion, and leaves
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the A™" baryon. The two A*T baryons are merged into the Dj;"*" dibaryon finally. It
should be noted that each of the two Roper resonances does not necessarily have to satisfy
the on-shell condition. The main background contribution would be the independent decay

of each Roper resonance into 7~ 7" p and non-resonant six-body (7~ 7~ 7 7" pp) phase space.

P;(1440) .~

7\
S

g
O

AT

++++
Dj;

o3

P{;(1440)

FIG. 7. Possible diagram for D3y production from the pp collision. Two Roper (N (1440)P;;)

resonances would appear in the intermediate state.

The WASA-at-COSY collaboration tried to observe Df;"** using the pp — 7~ 7 77 pp
reaction [34] as discussed in the previous section. The 77t pp invariant-mass distributions
show an enhancement corresponding to the possible D3t -produced events although the
collaboration did not conclude the existence of Dsy. Fig. B shows the 77 pp invariant-
mass distributions at the incident energies of 2.063 and 2.541 GeV. A slight enhancement
corresponding to D3, " is observed although it is not statistically significant. We do not
know the details of the acceptance of the WASA detector, thus a fraction of the Dj, "
yield to all the four-pion produced events is assumed to be common with and without
acceptance correction. Of course, the trigger bias must affect the acceptance for detecting
all the final-state particles as a function of the 7" 7t pp invariant mass in the WASA-at-
COSY experiment. What we can do is to assume the flatness of the acceptance. The total
cross section is found to be roughly 0.037 (0.27) pb for Di;"** production at T, = 2.063

(2.541) GeV, corresponding to the incident proton momentum of 2.85 and 3.35 GeV /¢, since
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that is 0.7+ 0.3 (5.2 £ 1.0) ub for the pp — 7~ 7~ 7 7 pp reaction.
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FIG. 8. T w"pp invariant-mass distributions without acceptance correction at incident ener-
gies of 2.063 GeV (left) and 2.541 GeV (right) obtained by the WASA-at-COSY collaboration.
The shaded histograms represent the non-resonant phase-space contribution, the solid curve
shows the two Roper-resonance production contribution, and the dotted shows the effect of
an I = 3 resonance with a mass of 2.37 GeV and width of 0.07 GeV. The data are taken from
Ref. [34].

We assume the energy dependences of the total cross sections are proportional to the
six-body and three-body pure-phase contributions for the pp — 7 7 7 7 pp and pp —
7w Di" T reactions, respectively. Fig. [0 shows the total cross section as a function of
the incident proton kinetic energy. The cross sections are normalized to those measured by
the WASA-at-COSY collaboration at 7;, = 2.063 and 2.541 GeV. The incident momenta of
3.6, 3.8, 4.0 and 5.0 GeV/c correspond to the kinetic energy of 2.78, 2.98, 3.17 and 4.15
GeV, respectively. The WASA-at-COSY collaboration can not separate the possible Dsq
production from the background pp — 7w+ 7~ 7~ pp contribution since these contributions
are merged into a bump because of a lack of statistics. To separate these components
clearly, we can make the 777 pp invariant-mass distributions with huge statistics and finer
bins and/or make the peak position of the background contribution higher by choosing the
higher kinetic energy of the proton beam that the WASA-at-COSY collaboration cannot

achieve.
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FIG. 9. Total cross section as a function of the incident proton kinetic energy 7,. The
dotted curve (blue) shows that for the pp — 7~ 7~ 77" pp reaction, and the solid curve (red)
shows that estimated for the pp — 7T_7T_D;b+++ reaction. The energy dependences of the
total cross sections are given by pure six-body and three-body phase-space contributions,
respectively, normalized to the data point at 7, = 2.063 and 2.541 GeV. The incident energies
of T, = 2.063 and 2.541 GeV correspond to the incident proton momenta of 2.85 and 3.35

GeV/c, respectively.

Next, we estimate the missing mass distribution (the differential cross section as a function
of the missing mass) for the pp — 7~ 7~ X reaction. The 7777~ 7~ pp events are produced
according to the pure six-body phase-space, and normalized to the estimated total cross
section for the pp — 7~ 7~ w7 pp reaction. It should be noted that the energy dependence
of the incident flux is taken into account. As for D;"** production, the Breit-Wigner
strength with a mass of 2.37 GeV and width of 0.07 GeV is multiplied and normalized to
the estimated total cross section for the pp — 7~ 7 Dg; tT reaction. Fig. [0 shows the
missing mass distributions for the pp — 7~ 7~ X reaction at the incident proton momentum
of 3.6, 3.8, 4.0, and 5.0 GeV/c. The background contribution is very large when the incident
momentum is higher than 4.0 GeV/c, and it is difficult to separate the Dj;"*-produced

events and background contribution when the incident momentum is lower than 3.35 GeV.
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Thus, the optimum incident momentum is approximately 3.35-3.60 GeV /c.

6 -
[ Pp=2.85 GeV/c [ P p=3.35 GeV/c
> 4F s 0 |
S [ S I
fa) | e B
2 HE _ 2 10 F _
© : 5 B © .
0 B T T l. 11 [ | -l::-l [ | O [ TR T | |\||| 1 m |
2.1 2.2 2.3 24 2.5 2.1 2.2 2.3 2.4 2.5
M, (pp,nt) (GeV) M, (pp,nt) (GeV)
60 [-P,=3:6 GeVic . P =3.8 GeV/c
§ - />'\ 100 i
[5) = ) L
Q 40 9 -
= 3 50 F
o 20 __ b A .
0 [ 1 1 ||I|| Lm' l O [ I | .;|'|||4—-|/||\|\|--—L |
2.1 2.2 2.3 2.4 2.5 2.1 2.2 2.3 24 2.5
M, (pp,nm) (GeV) M, (pp,nt) (GeV)
- P.=4.0 GeV/c 1 600 P=50GeVie
= - = [
b 50 F ) 5 200 F
O :I A | |||||m' | O -l L |.|--|-"'|'"..m-|4_.—. | T
2.1 2.2 2.3 24 2.5 2.1 2.2 2.3 2.4 2.5
My (pp,nm) (GeV) M, (pp,n) (GeV)

FIG. 10. Missing mass Mx distributions for the pp — 7~ 7~ X reaction at the incident
proton momentum of 2.85, 3.35, 3.6, 3.8, 4.0, and 5.0 GeV/c. The dotted curve (blue)
shows the background pp — 777~ 7~ pp contribution, and the solid curve (red) shows the

pp — 7T_7T_’D;’r0+++ contribution.

Thus far, the background contribution is assumed to be given by the pure six-body phase-
space. Here, we assume the two Roper resonances appear in the intermediate state. We use
1.44 and 0.2 GeV for the mass and width of the resonance, and the total cross section for the

background contribution is again normalized to the estimated one. Fig.[ITlshows the missing-
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FIG. 11. Missing mass My distributions for the pp — 7~ 7~ X reaction at the incident proton

momentum of 2.85, 3.35, 3.6, 3.8, 4.0, and 5.0 GeV/c. The dotted curve (blue) shows the

background pp — 7t t7~ 7 pp contribution, The dashed curve (magenta) shows the two-

Roper-resonance contribution, the dotted-dashed curve (green) shows the two-N(1520)D13

contribution, and the solid curve (red) shows the pp — 7~ 7~

Dgr()+++ contribution.

mass distributions for the pp — 7~ 7~ X reaction at the incident proton momentum of 3.6,

3.8, 4.0, and 5.0 GeV/c. In this plot, the pure phase-space contributions and the two-Roper-

resonance-production contributions are very similar, but the latter contributions are slightly

shifted to the lower side especially for the higher incident momenta. The two-N(1520)D;3-
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production contributions with a mass of 1.52 GeV and width of 0.11 GeV for N(1520)D;3
are also plotted in Fig. [T, and they are very similar to the pure phase-space contributions
at lower incident momenta. Sizable deviations are observed at incident momenta higher
than 3.8 GeV/c. It is important to measure cross sections at several incident momenta for

studying the background.

A signal-to-noise (S/N) ratio is not so high even at 3.35-3.60 GeV/¢, the optimum
incident momentum of the proton beam. Here, the possibility of background reduction is
briefly discussed. An isoscalar dibaryon Dy3 dominantly decays into 7D with a mass of
~ 2.15 GeV and width of ~ 0.09 GeV, and D5 is successively de-excited into the deuteron
emitting m. Analogously, a possible decay chain of Dj;f™ is considered as Di;f ™+ —
7t Dyt — ntrT2He, where ?He stands for a diproton state, or a nucleus of an extremely
unstable isotope of helium without any neutrons. Fig. [I2] shows the decay chain of Dy3 and
possible decay chain of D3y. The correlation may help for Dj, identification between the
7 pp invariant mass and the missing mass for the pp — 7~ 7~ X reaction (equivalent to

the 7+ 7" pp invariant mass). The *He formation between two protons may also lead to Dz

identification.
2.37 Dos Dso 2.37?
7T 7T
D12 214 D21 214
7T 7T
1.88 Do1 D1o 1.88
I=0 =1 J=1 J=0

FIG. 12. Decay chain of Dy3 (left) and possible decay chain of D3 (right). Since the
Do3 — mD12 — wrd decay is observed, the D3y — D21 — wmw (NN) ;_, (D;EFJFJF —

71""1?§r1JrJr — mt7T2He) decay is expected in the mirrored quantum-number states.
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III. EXPERIMENTAL SETUP

We use the general-purpose E50 detector system for this experiment. The E50 experiment
at J-PARC performs charmed-baryon spectroscopy by means of a missing-mass measurement
for the 7~p — D*~ X reaction at the high-intensity high-momentum secondary beamline [41-
49]. The excitation spectrum of charmed baryons would reveal diquark correlation as a
possible effective degree of freedom for describing hadrons. Unseparated secondary beam
with a negatively charged particles is provided in the main E50 experiment. In the present
experiment, we use the proton beam, and positively-charged particles are provided onto the
target. The target used is a liquid hydrogen with a thickness of 570 mm, corresponding to
2.58 b1,

The momentum analysis of produced charged particles is made with a large-acceptance
magnetic dipole spectrometer. Fig. [I3] shows the current version of the planned E50 spec-
trometer. It consists of a dipole magnet, which was a magnet for a frequency-modulated
(FM) cyclotron at the Institute of Nuclear Study (INS), University of Tokyo, and detectors
for tracking, time-of-flight measurement, and particle identification. The magnet has a cir-
cular pole with a diameter of 2.12 m and a gap of 1 m. An integrated magnetic field flux
of 2.3 T'm is expected at maximum. Finely-segmented scintillating fiber hodoscopes are
employed for upstream tracking detectors, located surrounding the target. High-granularity
drift chambers are laid out downstream of these hodoscopes for measuring trajectories of
charged particles. To provide a reference timing, an acrylic Cherenkov hodoscope is placed
just in front of the target. Resistive-plate chambers are placed behind the drift chambers
for time-of-flight measurement, giving a mass of charged particles together with its momen-
tum, and flight length. Threshold-type Cherenkov detectors and a ring-imaging Cherenkov
detector are laid out in the most downstream side. Detected are pions and protons with

momenta higher than 0.1 and 0.5 GeV /¢, respectively.

The intensity of each particle in the secondary beam is estimated by using the Sanford-
Wang formula [50H52]. Here, we assume a platinum target for production of secondary
particles with a production angle of 2.5° with the so-called beam swinger optics [53], and a
15-kW loss of the primary beam at the target. Additionally, the in-flight decay of charged
particles is taken into account for traveling a length of 132 m, and the estimated momen-

tum and angular bite of the beamline of 2 msr-% is also incorporated. Fig. [[4] shows the
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FIG. 13. Current design of the planned E50 spectrometer. It consists of a dipole magnet,
tracking detectors, and time-of-flight detectors. The target used is liquid hydrogen with
a thickness of 570 mm. Finely-segmented scintillating fiber hodoscopes are employed for
upstream tracking detectors, located in front of and behind the target, and drift chambers are
placed downstream. Resistive-plate chambers are placed behind the drift chambers for the
time-of-flight measurement. To provide a reference timing, an acrylic Cherenkov hodoscope is
just in front of the target. Threshold-type Cherenkov detectors and a ring-imaging Cherenkov

detector are placed at most downstream.

estimated beam intensity as a function of the beam momentum for the 15-kW loss. At a

momentum of 3.8 GeV/¢, 40-MHz pions and 20-MHz protons are expected to be provided.
Table [IIl summarizes the maximum intensity of protons, positive pions, and positive kaons
at momenta of 2.85, 3.35, 3.6, 3.8, and 4.0 GeV/c. It should be noted that the secondary

beam extraction is made for the 2-s duration of every 5.2 s cycle, giving the duty factor is

0.385.

Since the secondary beam used is unseparated, the protons among the beam have to be

tagged by a beamline Cherenkov detector placed on the beamline at the most upstream (not

shown in Fig. [[3)). The detector, which is now under development in the E50 collaboration,
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FIG. 14. Maximum intensity of charged particles in a secondary beam as a function of the mo-
mentum. The left and right panels show those for positively and negatively charged particles,
respectively. A momentum of 3.8 GeV/c gives a secondary beam containing approximately
107-MHz positive pions and 53.7-MHz protons. The solid curves (red) show protons and anti

protons, the dotted (blue) present pions, and the dashed (green) indicate kaons.

TABLE III. Maximum intensity of protons, positive pions, and positive kaons at momenta of
2.85, 3.35, 3.6, 3.8, and 4.0 GeV/c. The secondary beam is extracted for the 2-s duration of

every 6-s cycle, giving the duty factor is 0.385.

incident momentum (GeV/c) 2.85 3.35 3.6 3.8 4.0

proton intensity (MHz)  35.7 45.0 49.8 53.7 57.6
positive pion intensity (MHz) 70.4 90.9 100 107 114
positive kaon intensity (kHz) 23.7 70.2 108 146 192

is planned to separate charged particles by means of Cherenkov ring measurement. The
observed Cherenkov ring will separated pions, kaons, and protons upto a few tens of MHz in
this detector. Even if we cannot use it, we can alternatively use a threshold-type Cherenkov
detector with a refractive index of 1.03 up to a few MHz. In the following section, a
secondary beam containing 2-MHz positive pions, and 1-MHz protons is considered for
yield estimations. The high-intensity high-momentum secondary beamline is expected to

be constructed step by step. Since this requirement for the beam intensity corresponds to

22



the 0.5-kW loss (1/30 of the final goal) of the primary beam at the production target, the

proposed experiment can be performed before the main E50 experiment becomes ready.
We plan to use a trigger-less streaming DAQ system [54] for the E50 experiment. This

allows us to make the DAQ efficiency close to 100% without any trigger bias. However, we

make yield estimations using a conservative DAQ efficiency assuming to use an ordinary

DAQ system in §IV]

IV. YIELD ESTIMATIONS

We use proton beams with momenta around 3.0-4.0 GeV/c, and have estimated the
differential cross sections at a mass of 2.38 GeV for D3;" ™" production and background con-
tribution as already discussed in the previous section. The total cross sections are assumed
to be proportional to three-body and six-body pure-phase contributions for D3y production
(pp — 7 7 D3 ") and background (pp — 7 7 7 7 Tpp), and they are normalized to
those measured by the WASA-at-COSY collaboration at 7, = 2.063 and 2.541 GeV. Ta-
ble [Vl summarizes the numerical values for the estimated differential cross sections at a

mass of 2.38 GeV /¢ for Dsq production and background phase-space contribution.

TABLE IV. Estimated differential cross sections at a mass of 2.38 GeV for D3y production
and background. We assume the energy dependences of the total cross sections are
proportional to three-body and six-body pure-phase contributions for D3y production
(pp — 77 D3t ™1) and background (pp — 7 7w FtwTpp), respectively. They are
normalized to those measured by the WASA-at-COSY collaboration at 7, = 2.063 and

2.541 GeV.

incident momentum (GeV/c)  2.85 3.35 3.60 3.80 4.00

D3 production (ub/GeV) 0.43 3.1 54 7.8 9.2
phase-space background (ub/GeV) 3.9 21 40 57 75

Detecting two negative pions are the most important in this experiment. At first, we
estimate the momentum distributions of them. Fig. shows the momentum distributions
of negative pions produced in the pp — 7~ 7~ 7 7 pp and pp — 77 D, " reactions. The

momenta of negative pions range from 0 to 1.4 GeV /¢, and events with higher-momentum
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negative pions are relatively enhanced in the pp — 77

momenta of the proton beam. This is because the mass of

— P+t
{22

e+t
Dy

reaction at higher incident

is located in the lower

My region. Since a fraction of very slow negative pions are small, almost all the pions can

be detected if they are emitted within the solid angle of the E50 spectrometer.
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FIG. 15. Momentum distribution of negative pions produced in the pp — 7 7 7 7 pp

reaction (left), and in the pp — =7 Dj; T reaction (right).

We also estimate the angular distributions of pion and proton emission. Owing to high

incident momenta of the proton beam, most of the produced particles are emitted at forward

angles. Fig. [[6] shows the angular distributions of pion and proton emission produced in the
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pp — - wHa T pp reaction. Almost all the protons are emitted at the forward angles less

than 30°, pions are also emitted at forward angles less than 60°.
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FIG. 16. Angular distributions of pions (blue) and protons (red) produced in the pp —
7 nmtaTpp reaction. Almost all the protons are emitted at forward angles less than 30°,

pions are also emitted at forward angles less than 60°.

Now, we consider the reason for poor acceptance for identifying the pp — 7~ 7 7 7 pp
reaction including particle identification in the previous WASA-at-COSY experiment. In
Ref. [34], the acceptances are only 0.1% and 0.5% for detecting 7~ n~ 77 pp at T, = 2.063
and 2.541 GeV, respectively. The forward detector in WASA covers 3°-17°, and the central
covers 20°-170° [55]. Fig. 0T shows the correlation plot between the number of detected

charged particles in the forward and central detectors. The correlations are estimated for
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the pure phase-space generation of the final state particles. The angular distributions of pion
emission must distort these correlations somehow. The trigger condition was required that
more than one charged particles were detected in each of the forward and central detectors in
WASA. As shown in Fig. [I7, this condition did not decrease the acceptance so much. Since
charge identification and momentum determination with a magnetic field were available only
for the central detector, they required that the two protons were detected with the forward
detector, and that the other charged pions were detected with the central detector. This
condition gave the geometrical acceptances of approximately 10% (more or less depending
on the angular distributions of pions) for detecting 7~ 7~ 77 pp, but the final acceptances
are only 0.1% and 0.5% at T), = 2.063 and 2.541 GeV, respectively.

These discrepancies come from a poor particle-identification power in the WASA de-
tector [59]. The forward detector in WASA is a range-stack counter consisting of plastic
scintillators, and reliable particle identification is difficult for many events owing to the
hadronic interaction in the detector material. The particle-identification efficiency including
the tracking efficiency for pions is also low in the central detector owing to many e*e™ tracks
converted from photons. At 7, = 2.541 GeV, the additional missing-mass trigger, which we
don’t know in detail, may also decrease the acceptance. Thanks to high capability of particle
identification with the E50 spectrometer, the total acceptance can be reliably estimated and
increased much higher than WASA.

Next, the geometrical acceptance of the E50 spectrometer is estimated for 7~7~ detection
by using a Monte-Carlo simulation based on Geant4 [56-58]. Fig. I8 shows the My distribu-
tions for the pp — 7~ 7~ X reaction, and acceptances as a function of My. The acceptance
gradually increases with increase of the missing mass Mx for the pp — 7~ 7~ X reaction,
and is approximately 0.38 at My ~ 2.38 GeV almost independently of the incident proton
momentum. The variation of the acceptance is very small with a change of My except the
highest Mx region where negative pions are likely to be emitted backward angles, and their
momenta are low.

Here, the yield in a 0.01-GeV-Mx bin is considered for 7~ 7~ -detected events at My =
2.38 GeV. The estimated differential cross sections for Dsg production at 2.38 GeV together
with those for the background contribution are listed in Table [Vl We assume that the thick-
ness of the target is 2.58 b~!, that the geometrical acceptance of the E50 spectrometer is

0.38, that the beam intensity is 1 MHz, and that the duty factor is 0.385. The expected
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FIG. 17. Correlation plot between the number of detected charged particles in the forward and
central detectors. The forward detector denotes the polar angles of 3°-17°, and the central

denotes those of 20°-170° [55].

numbers of 7~ 7 -detected Dj;"*T-produced events within a 0.01-GeV-Mx bin at 2.38 GeV
for a one-day measurement are summarized in Table [Vl together with their statistical uncer-
tainties (including the background subtraction).

Although 7~7~ detection is the minimum requirement in this experiment, it is very

important to detect all the final-state particles to study the decay of Di;"*" and possi-
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Mx distribution for the generated events (regardless of particle detection), and the solid one

(red) is that for the accepted events (both the two negative pions are detected).

ble background reduction. Small background contributions with additional pions, pp —
(r=m mtntpp)n®, pp — (m-r wtrtpp)rtaT, and pp — (mmw T pp)wPnY, can be re-
moved by using the energy and momentum conservation between the initial and final states.

We also estimate the efficiencies of 7~ 7 7", n-n ntnx™, and 7~ 7 7nt7Tpp detections.
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TABLE V. Estimated numbers of 7~ 7w~ -detected events at a mass of 2.375-2.385 GeV/c
for a one-day measurement. Here, we assume a 100% tracking and particle-identification

efficiencies. The statistical uncertainties include the background subtraction effects.

incident momentum (GeV/c) 2.85 3.35 3.60 3.80 4.00

expected yield 121 875 1530 2200 2600

statistical uncertainty (%) 29 94 7.4 6.1 5.9

Fig. shows these efficiencies together with those of 77~ detection. The efficiency of
7 n T wpp detection is 0.4 times as high as that of 7=~ detection. Thanks to the large
solid angle of the E50 spectrometer, the efficiency drop is not serious even if we require to
detect all the final-state particles. And no significant difference of the efficiencies is observed

between 77 7tnT and 7 7 7wt 7T pp detections.

Again, the yield in a 0.01-GeV-Mx bin is considered for 77~ w7 pp-detected events at
Mx = 2.38 GeV. Only the geometrical acceptances are modified from the yield estimation
of the m~n~-detected events. Although the efficiencies of 7~7~ detection are approximately
0.38 at Mx = 2.38 GeV independently of the incident momentum of the proton beam,
those of 7~ 7~ w7 pp detection are 0.13, 0.16, 0.16, 0.17, and 0.18 for incident momenta
of 2.85, 3.35, 3.60, 3.80, and 4.00 GeV /¢, respectively. The negative pions are likely to be
emitted at more forward angles (although this effect is small and it is difficult to observe in
Fig. @), resulting in the higher geometrical acceptance, for the higher incident momenta.

The expected events of D

207t production with their statistical uncertainties for a one-day

measurement are summarized in Table [V

TABLE VI. Estimated numbers of 7~ 7~ 77T pp-detected events at a mass of 2.375-2.385
GeV/c for a one-day measurement. Here, we assume a 100% tracking and particle-

identification efficiencies.

incident momentum (GeV/c) 2.85 3.35 3.60 3.80 4.00

expected yield 40.9 357 618 985 1240

statistical uncertainty (%) 49.6 14.8 11.7 9.2 8.6
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ciencies are estimated for the pure six-body phase-space 7~ 7~ 77 pp events. No significant

difference of the efficiencies is observed between 7~ 77t (green) and 77~ 7t 7t pp (blue)

detections.

Thus far, the geometrical acceptances are estimated by assuming a 100% DAQ), tracking

and particle-identification efficiencies. We estimate the expected yield with some realistic

assumptions for the DAQ), tracking, and particle identification efficiencies. We plan to use
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a trigger-less streaming DAQ system for the E50 experiment [54]. This allows us to make
the DAQ efficiency close to 100% without any trigger bias. Here, the conservative DAQ
efficiency is estimated. The total cross section is assumed to be 1 mb for the reactions with
more than five final-state particles (0.4 mb for pp — 7 7 7t 7 tpp at 4.0 GeV/c). The
3-MHz unseparated secondary beam gives the trigger rate of 1.2 kHz taking into account an
approximate 15% acceptance. Assuming the dead time for processing an event is 25 us, the
DAQ efficiency is higher than 0.97. The tracking efficiency assumed is 0.90 for each track,
resulting in the total tracking efficiency of 0.53 for six-track events. The efficiency of particle
identification assumed is 0.95 for each track, giving 0.73 for the total particle identification.
The tracking and particle identification efficiency of the secondary beam is assumed to be
0.90. Then, the total efficiency of the event reconstruction is assumed to be higher than
0.34 for all the incident momenta. This efficiency of 0.34 for the total event reconstruction

is applied in the following yield estimations.

Finally, we estimate the statistical uncertainties for the mass and width determination of
Di,"*. Fig. RO shows the typical missing mass Mx distributions for the pp — 7~ 7 7 7 pp
reactions at 2.85, 3.35, 3.60, 3.80, and 4.00 GeV/c. These distributions are estimated

assuming the three-day measurement for all the incident momenta. The number of events

are obtained according to the estimated total cross sections for Dj; ™+ production and

background phase-space contribution, and the acceptance of the E50 spectrometer is taken

into account. Since the signal-to-noise (S/N) ratio is not so high, the D5,"** contribution is

not observed as a peak but a shoulder. To deduce the mass and width of D5;"** from each

distribution, we fit a function expressed by a sum of the D3y production with a different mass
and a different width, and a different strength background phase-space contribution. The
Dt

extracted contribution is also plotted in Fig. 20l which is obtained by subtracting a

background contribution from a measured distribution. The D;"™* contribution has been
correctly obtained. When the amounts of the signal (S) and noise (N) are obtained as the
number of events for masses ranging from 2.25 to 2.45 GeV, the S/N ratios are 0.104, 0.097,

0.088, 0.089, and 0.079 at 2.85, 3.35, 3.60, 3.80, and 4.00 GeV/c, respectively.

To get the beamtime for determining the mass and width of Dj;"** precisely for each
incident proton momentum, we modify the duration of the measurement and estimate the
statistical uncertainty of the determined mass and width. Fig. 2Ilshows the expected statis-
Dyt

tical uncertainties for the mass and width for as a function of the number of days for
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FIG. 20. Missing mass My distributions for the pp — 7~ 7~ 77 pp reactions at 2.85, 3.35,
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obtained in a three-day measurement for all the incident momenta. In each panel, the solid
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phase-space contribution. The histogram (magenta) represents the extracted Dsg contribution,

and the dotted curve (green) shows the background contribution.
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each incident proton momentum. We need more days to get the same precision of the width
determination at lowest incident proton momenta of 2.85 GeV/c where the WASA-at-COSY
collaboration tried to search for Dsy. This is partly because the total cross sections are not

so high for this momentum, and partly because the peak positions are not clearly separated

between D3t production and background phase-space contributions. We request three

days for each measurement to confirm the existence of D" " and determine the total cross

0.08 [P 85 Gevic 0.08 | P =335 GeV/c
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0.02 0.02

N T T 0
0.08 P =3.60 GeV/c 0.08 — P =3.80 GeV/c
0.06 0.06 [

0.04 0.04

oM and dI" (GeV)
OM and dI" (GeV)

0.02 0.02

0.08 Pp=4.00 GeV/c

0.06

0.04

0.02

#days

FIG. 21. Expected statistical uncertainties for the mass (M) and width (') for D" as a
function of the number of days for each incident proton momentum. The blue and red curves

represent the statistical uncertainty for M and I', respectively.
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section of Dj;" ™ production. As for the incident momentum of 2.85 GeV/c, we only aim
at checking a consistency with the WASA-at-COSY results. The estimated statistical un-
certainties are 0.003, 0.002, 0.002, and 0.002 GeV for the mass determination at incident
momenta of 3.35, 3.60, 3.80, and 4.00 GeV/c, respectively. While those for the width are
0.015, 0.011, 0.009, and 0.009 GeV /¢, respectively. Combining all the data acquired, the
estimated statistical uncertainties become 0.001 and 0.004 GeV for the mass and width,

respectively.

A possible improvement of the S/N ratio is discussed below. It was very important
to detect the deuteron in the final state when the CELSIUS/WASA collaboration got a
clear evidence of d*(2380) for the first time. The deuteron identification was considered to
suppress a huge background contribution, and the branching ratios of d*(2380) are enough
high as 14% + 1% and 23 4 2% for the 7°7°d and 77 ~d final states, respectively [60]. In
analogy to this situation, D3y can be likely to decay into 77+ ?He as shown in Fig. [2 and
the 2He identification is expected to suppress the background. Since the 2He nucleus is a
scattering state of the two protons, the mass distribution is calculated using a Migdal-Watson

formula [61H63]:
9 sind\ >
TP == exp(=2m), (2)

where k£ denotes the proton momentum in the CM frame, and exp (—277n) stands for the
Coulomb penetration factor evaluated at n = am,/2k. The 0(k) is the combined Coulomb-
nuclear phase shift. For obtaining the mass distribution, we simply employ the S-wave
nuclear phase shift for it from the scattering parameters (the scattering length of a,, = —17.3
fm and an effective range of r,, = 2.85 fm [64]). Fig. 22l shows the mass distribution of the
?He nucleus (the diproton state).

Here, ?He is identified by requiring that the pp invariant mass is less than 1.88 GeV,
giving a ?He-tagging efficiency of 0.41. The background contributions are reduced by a
factor of 1/30.0, 1/32.3, 1/33.6, 1/40.2, and 1/33.9 at incident momenta of 2.85, 3.35, 3.60,
3.80, and 4.00 GeV /¢, respectively. Fig. 23] shows the pp invariant-mass distributions for the
pp — m~w w T pp reactions.

A huge background contribution can be suppressed by tagging the 2He nucleus. Fig. 24
shows the efficiency of #~7~ 7 7 pp detection for the 2He-formed events. The acceptance

curve as a function of My is distorted by requiring 2He formation but the oder of the
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FIG. 22. Mass excess distribution of the ?He nucleus (the diproton state). The excess is given
by subtracting the sum of two proton masses from the 2He mass. The mass distribution is
calculated using the scattering length of a,, = —17.3 fm and effective range of 7,, = 2.85

fm [64]. The vertical line (green) corresponds to the 2He mass of 1.88 GeV.

acceptances are the same at a mass of 2.38 GeV for the 77~ 77" pp phase-space and *He-
formed events. By using the acceptance for the 2He-formed events, we estimated the missing
mass My distributions for the pp — 7~ 7 DJ;"*" and background pp — 7 7 7 7 pp
reactions. Fig. shows the missing mass My distributions for the pp — 7 7 77 pp
reactions at 2.85, 3.35, 3.60, 3.80, and 4.00 GeV /c where the ?He nucleus is required to be
detected. When the branching ratio of Dsq is assumed to be 1/3, the *He tagging reduce the
signal yield by 1/7.3, giving a higher S/N ratio only at two lowest incident momenta, and
a slightly higher ratio at the other momenta. The S/N ratios are 0.38, 0.42, 0.40, 0.47, and
0.37 for the 2.25-2.45-GeV events at 2.85, 3.35, 3.60, 3.80, and 4.00 GeV /¢, respectively.
The estimated statistical uncertainties are 0.004, 0.003, 0.002, and 0.002 GeV for the mass
determination using the ?He-tagged mass distributions at incident momenta of 3.35, 3.60,
3.80, and 4.00 GeV /¢, respectively. While the those for the width are 0.021, 0.015, 0.011,
and 0.011 GeV/c. Combining all the data acquired, the estimated statistical uncertainties
become 0.001 and 0.004 GeV for the mass and width, respectively. Since the statistics

become by a factor of approximately 1/10, the statistical uncertainties of mass and width
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FIG. 23. pp invariant-mass distributions for the pure six-body phase-space 7~ 7 77 pp
events at 2.85, 3.35, 3.60, 3.80, and 4.00 GeV/c. When the pp invariant mass is required to
be less than 1.88 GeV as indicated by the vertical lines (green), the background contributions
are reduced at p(p, 7~ 7~) missing mass of ~ 2.38 GeV by a factor of 1/30.0, 1/32.3, 1/33.6,
1/40.2, and 1/33.9 at incident momenta of 2.85, 3.35, 3.60, 3.80, and 4.00 GeV /c, respectively.

determination are slightly larger than those without ?He tagging. However, this 2He-tagging

method can be useful to find a possible D;"** contribution.

We request the three-day measurement of cross sections for the pp — 7 7 7 ntpp
reaction at each incident momenta of 3.35, 3.60, 3.80, and 4.00 GeV /c to find a possible D3

dibaryon and investigate its decay. Table [VIIl summarizes the number of D

S T -produced
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the pp — 77~ X reaction. The efficiencies are plotted for the pure six-body phase-space
7~ n 7w m T pp events (blue), and 2He-formed events (red).

events obtained in three days for all the 7~ 7~ 77 pp-detected events and 2He-tagging

events.

We consider the thickness of the liquid hydrogen target is 570 mm. If it is shorter than
we plan, an additional beam time is required. The high-intensity high-momentum secondary
beamline is expected to be constructed step by step. Since the required beam intensity of

protons is only 1 MHz, corresponding to the 0.5-kW loss (1/30 of the final goal) of the
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FIG. 25. Missing mass Mx distributions for the pp — 7~ 7~ w7 pp reactions at 2.85, 3.35,

3.60, 3.80, and 4.00 GeV/c where the 2He nucleus is required to be detected. The markers

correspond to the expected experimental data obtained in a three-day measurement for all

the incident momenta. In each panel, the solid curve (red) shows the fitted function expressed

by a sum of the D3g production and background phase-space contributions. The histogram

(magenta) represents the extracted D3y contribution, and the dotted curve (green) shows the

background contribution.
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TABLE VII. Estimated numbers of Déﬁ)+++—produced events obtained in three days for all the
a-n - ntatpp-detected events and 2He-tagging events. Not only the geometrical acceptances

but also DAQ), tracking, and particle-identification efficiencies are taken into account.

incident momentum (GeV/c) 2.85 3.35 3.60 3.80 4.00

all 320 2,900 5,200 8,300 10,000
2He tagging 41 380 730 1,100 1,300

primary beam at the production target, the proposed experiment can be performed before
the E50 experiment becomes ready.

Even if we do not observe D3, we can investigate the ATt A1 interaction alternatively as
described in §A] the d*(2380) production mechanism in the pp collision (pp — 7 d*(2380)) as
shown in §Bl and the detailed studies of the produced Dy dibaryon via the pp — 7~ (777" p)
reaction as briefly discussed in §Cl It is important to measure cross sections at several inci-
D

dent momenta for studying the background, and confirming a possible contribution

when we observe some resonance-like behavior in 77" pp invariant-mass distributions.

V. SUMMARY

We express our interest to search for the I = 3 dibaryon state (Dsg) at the high-intensity
high-momentum secondary beamline at J-PARC. The Dj;"** can be observed in the missing-
mass spectrum of the p(p, 7~ 7~ )X reaction, and the mass and width can be obtained when
we use the incident momentum around 3.0-4.0 GeV/c. The isospin of Ds is also uniquely
determined because the reaction only provides I = 3 state for the missing particle X. We
acquire the data at incident momenta of 2,85, 3.35 3.60, 3.80, and 4.00 GeV/c for three
days for each incident momentum using the general-purpose magnetic dipole-spectrometer
prepared for the J-PARC E50 experiment. The expected numbers of the Di;" "+ produced
events are 2,900 and 310 within the mass region of 2.25-2.45 GeV at 3.35 GeV/c for all the
7 m mttpp-detected events and 2He-tagging events, respectively. The estimated statistical
uncertainties of the mass and width determination are expected to be 0.001 and 0.004 GeV

assuming the mass of 2.38 GeV and width of 0.07 GeV, respectively. Since the background

contribution is sensitive to the results and we don’t know its details, it is crucial to acquire

39



data with different incident proton momenta. The first two incident momenta correspond to
those the WASA-at-COSY collaboration used to search for Di;"*". Although the WASA-
at-COSY collaboration did not get a clear evidence of D3, " owing to a lack of statistics
coming from the very small acceptance for 7~ 7~ 77" pp detection owing to the low particle-
identification power, but they observed an enhancement corresponding to Dsy. Therefore,
the first two incident momenta are important to check this hint. When the existence of
the D3 is confirmed, all the sextet (ground state) dibaryons are established. The measured

mass and width also provide information on the AA interaction.

Appendix A: ATTATT interaction

, its mass and width provide information on ATTA** interac-

When we observe Dj;

tion. Even if we do not observe D3;" ", we can extract information on AT AT interac-
tion from the ATTAT™ invariant-mass distribution. We calculate the AT A** invariant-
mass distributions distorted by the final-state interaction between two A** baryons using

a Migdal-Watson formula [61, 62] with different scattering parameters. Fig. shows the
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FIG. 26. ATTATT invariant-mass distributions for different phase shifts. The dashed curve
(black) shows the non-interaction case, and the solid (red) and dotted (blue) represent the

AA interaction cases for (I,J) = (0,3) and (3,0) given by Oka and Yazaki [30].
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ATTATT invariant mass distributions at incident proton momentum of 4.0 GeV/c. We em-
ploy the phase shifts for the AA interaction with (7,J) = (0,3) and (3,0) given by Oka
and Yazaki [36]. The corresponding scattering length a and effective range r are 1.88 and
0.93 fm, giving bound state, for (I,J) = (0,3), and 0.19 and 0.89 fm, giving no state, for
(I,J) = (3,0). Different shapes are obtained between 2.25-2.45 GeV/c for the ATTA*H
invariant-mass distributions. The attractive (I, .J) = (0, 3) interaction gives convex upward,
and repulsive (3,0) case gives concave. The detailed shape of the experimental obtained

ATT AT distribution gives information on ATTA*T interaction.

Appendix B: d*(2380) production via the pp — 7 (7~ 7"d) reaction

We can measure the cross sections for d*(2380) production via the pp — 7t (7~ 7"d)
reaction if we loose the trigger condition so that we can obtain the events containing four
charged particles. The angular distribution of d*(2380) production provides a hint on the
internal structure of d*(2380). We can easily identify the d*(2380)-produced events if the
total cross section is large enough since the deuteron tagging makes the background very

small as shown in Figs. 3 and 4l

d*(2380)

p

FIG. 27. Possible diagram for d*(2380) (Dp3) production from the pp collision: pp —
7Td*(2380). Once a proton is converted into neutron by emitting a positive pion, the np

collision which is likely to produce d*(2380) can take place.

Here, the order estimation of the total cross sections are made using a simple model with

an assumption of the sequential pp — 7% (np) — 77 d*(2380) process as shown in Fig.
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FIG. 28. Total cross section as a function of the CM energy for the pp — 7 np reaction. The
dotted curve shows the theoretical calculation only taking into account the baryon resonance
in the intermediate state. The solid curve shows that adding the direct pion production in

the proton-proton collision.
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FIG. 29. Differential cross section Kdo/dK as a function of the pion kinetic energy K. The
central events are selected that the impact parameter b is less than 2.1 fm. The solid curve
shows the theoretical calculation. We obtain a simple approximate function: Kdo/dK

0.18570{(K/GeV) + 24.579(K /GeV)?} exp{6.0819 — 12.872(K /GeV) + 3.2270(K /GeV)?}.
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function in a form 1 + o cos? # described in each panel.

As for the first-step pp — 7 np process, we take the total cross section as a function of the
CM energy, the differential cross section as a function of the pion kinetic energy, and the
angular distribution of pion emission from Ref. [65]. Fig. 28 shows the total cross section as
a function of the CM energy for the pp — 7+np reaction. The total cross section of the first
step is given from Fig. 28 Fig. 29 shows the differential cross section Kdo/dK as a function
of the pion kinetic energy K in the CM frame. It should be noted that the absolute values

are not provided in Fig. 29 We obtain a simple approximate form:

do K K\’
X 6.0819 — 12.872 K + 3.2270 K\’
L ' GeV ' GeV ’
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and use this for all the incident momenta with a normalization factor of 1/ [ (do/dK) dK =
17.17. Fig. shows the angular distribution of pion emission in the CM frame. We use
a form 1+ 0.51cos?@ for all the incident momenta. The first-step process leaves the np
system in the final state. According to the formation cross section of d*(2380) from the pn
collision, we can give the probability of d*(2380) formation in pp — 7 pn. The formation
cross section is simply given by the Breit-Wigner formula with a mass of 2.37 GeV and
width of 0.07 GeV, and is 0.44 mb at the centroid mass. Here, the cross section includes the
branching ratio of ~ 23% for Dy3 — 7" 7~ d, namely the actual formation cross section of Dy3
is 4.3 times larger than described. The formation probability is calculated in the following
way: a point-like neutron is produced according to the proton charge density in the first step
process; the neutron travels in a proton with an exponential density, corresponding to the
dipole form factor, with a radius of 0.85 fm; and the formation probability in a unit travel
length is given by a multiplication of the formation cross section and proton number density.
The penetration lengths are different for different initial positions of produced neutrons. We
obtain the total cross section from the multiplication between that for the first step and
average formation probability.

The obtained total cross sections are 2.4, 1.7, 1.1, 0.70, and 0.48 ub for d*(2380) at
incident momenta of 2.85, 3.35, 3.6, 3.8, and 4.0 GeV /¢, respectively. The total cross section
is larger for the lower incident momentum. Those are 0.037, 0.27, 0.50, 0.73, and 0.97 ub for
Dyt

, and the order of cross sections are similar between d*(2380) and D3," ™" production

at high incident momenta. At the lower incident momentum, the total cross section is
much higher for Dy3 production. Since the d*(2380)-produced events contain only four
charged tracks in the final state, the tracking efficiency, particle-identification efficiency, and
geometrical acceptance are much higher than those for D3, production. Furthermore, the
background contributions are reduced significantly by the deuteron tagging. The byproduct

measurement of cross sections for d*(2380) production is considered to be much easier.

Appendix C: Dy; production via the pp — 7~ (77 pp) reaction

The isotensor dibaryon Dy, was observed by the WASA-at-COSY collaboration by using
the pd — 7~ (71Pp) Nepectator reaction. The incident energy of the proton beam was T, = 1.2

GeV, corresponding to the incident momentum of 1.92 GeV/c¢, and effectively covered from
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1.08 to 1.36 GeV (from 1.79 to 2.10 GeV/c) for the pp — 7 7w pp reaction. Since charge
identification and momentum determination with a magnetic field were available only for
the central detector in WASA, they required that the two protons were detected with the
forward detector, and that the other two charged pions were detected with the central
detector. Using the E50 spectrometer together with the higher incident momentum, the
acceptance for 7~ 7 tpp detection including particle detection becomes much higher, and
we can study the 7Fpp invariant-mass distribution with less acceptance bias. The total
cross section for DF;** production is much higher [33] by a factor of 100-1,000 than that for
Dt ot

production. Thus, the byproduct measurement of cross sections for D. production

is considered to be much easier.
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